Depending on the cell of origin, exosomes contain specific protein and lipid constituents. Although most exosomes have similar components due to their endosomal origin, heat shock proteins, fusion and membrane transporters (annexins, RabGTPases, and flotilin), MVBs proteins such as TSG101, Alix, integrins, and tetraspanins (CD9, CD63, CD81, and CD82) are common exosomal proteins. Furthermore, special glycosylated motifs enriched with raft-lipids such as sphingolipids, cholesterol, and ceramide are typically observed as their lipid component. 6 Exosomes affect target cells through the following mechanisms: activation of certain signaling pathways by ligand-receptor interaction (without entrance), releasing their content through extracellular proteases-mediated cleavage and subsequent binding of contents to cell surface receptors, fusion to the cell membrane and releasing their content into the cytoplasm, and entering cells by endocytic mechanisms such as receptor-mediated endocytosis, phagocytosis, and macropinocytosis. 2, 6 Relative to other cell types, mesenchymal stromal cells (MSCs) possess distinct advantages as an exosome source. They release higher amounts of exosome compared to other cells. MSC-derived EVs are relatively well tolerated in different animal models and show more stability and sustainability in human plasma and at -20°C. Moreover, MSC-derived exosomes release paracrine mediators and exhibit regenerative properties. As natural nanovesicles, exosomes are good candidates for drug delivery due to their low immunogenicity and ability to enter tissues and even cross the blood-brain barrier. 7 However, exosomes are rapidly cleared by reticulum endothelial system and generally should be specifically targeted against desired cells; thus, the clinical usage of these EVs is still a subject of debate.
We expressed Designed Ankyrin Repeated Proteins (DARPins) as a specific ligand against HER2+ cells 8 in order to improve the efficiency of exosomes and employed them as targeted drug delivery vehicles with minimal effect on normal cells. Binding efficiency of targeted exosomes to HER2+ and HER2-cells was evaluated and compared to the binding of control untargeted exosomes. Exosomes were loaded with doxorubicin (DOX) and their cytotoxicity was assessed using MTT assay. Our results can be useful data for further in vivo and clinical studies aiming to develop novel therapeutic approaches against breast cancer.
Materials and methods cell culture
Human embryonic kidney HEK293T, SKBR3, MDA-MB231, and BT-474 cell lines were purchased from Iranian biological resource center and grown in Dulbecco's Modified Eagle's Medium (Sigma-Aldrich, St Louis, MO, USA) with 10% fetal bovine serum (Gibco, Waltham, MA, USA), and 1% penicillin/streptomycin solution (Gibco). MSCs were purchased from Stem Cell Technology Research Center (Tehran, Iran) and cultured in α-MEM (Sigma-Aldrich) with 10% fetal bovine serum (Gibco), 1% penicillin/streptomycin solution (Gibco), and 2 mM l-glutamine (Gibco). All cells were incubated at 37°C, 5% CO 2 in a humidified atmosphere.
Msc characterization
When cultured in standard conditions, MSCs are plasticadherent cells. Expression of CD105 and CD90 cell markers and the absence of CD45, CD31, and CD11b were analyzed by flow cytometry using respective antibodies conjugated with PE and FITC. Finally, the differentiation potency of MSCs to osteoblasts and adipocytes was tested in vitro. In brief, MSCs were seeded on a 4-well plate and the media culture was replaced with osteogenic and adipogenic media every other day. After 20 days, the cells were fixed in 4% paraformaldehyde for 20 minutes at 4°C. The cells were washed 3 times with phosphate-buffered saline (PBS). Oil Red and Alizarin red were used for staining adipocytes and osteocytes, respectively. Osteo media containing 10 mM β-glycerophosphate, 50 µg/mL ascorbate-2-phosphate, and 1% antibiotic and adipocyte media containing 0.5 mM isobutyl-methylxanthine, 10 -7 M dexamethasone, 200 µM indomethacin, and 1% antibiotic were used as culture media for the respective cells.
lentivirus production
HEK293T cell lines were seeded (3-4×10 6 cells/plate) on 10 cm diameter plates for 24 hours to reach 70%-80% confluency. One hour before transfection, the media was changed. HEK293T cells were transfected with 21 µg of psPAX2 (Addgene, Cambridge, MA, USA), 10.5 µg of pMD2 (Addgene), and 21 µg of pLEX-LAMP2b-DARPin 8 using calcium phosphate transfection. After 17 hours, the culture media were replaced with 10-12 mL of complete media.
The supernatant containing viral particles was harvested every 24 hours for up to 72 hours. Media were centrifuged at 500 g for 5 minutes and cell pellet was discarded. The harvested supernatant was subsequently centrifuged (2,000 g for 20 minutes) to remove cell debris, and then filtered through a 0.45 µm PVDF (low protein attachment) membrane. Finally, centrifugation at 19,000 g for 1:30 hours was applied to concentrate viral particles and Multiplicity Of Infection (MOI) (number of viral particles per target cell) was measured for HEK293T cells transduction.
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Total RNA was isolated form MSC-transduced cells and cDNA was synthesized using RNeasy mini kit (Qiagen, Hilden, Germany). PCR amplification was performed using DARPin primer sets outlined in Table 1 . Primer blast was used to check for nonspecific binding to human sequences.
Furthermore, DNA was purified from MSC-transduced cells and quantitative real-time PCR was established using puromycin primers (Table 1) to calculate the number of insertion and determine MOI for MSCs.
Msc transduction
MSCs were seeded in a 24-well plate at a cell density of 1-2×10 4 /well. Viral particles with MOI of 100 and protamine sulfate were added to each well, and media were changed after 24 hours. The transduction procedure was repeated 3 times to increase efficiency. After 1 week, the transduced MSCs were selected by appropriate concentration (2 µg/mL) of puromycin.
exosome isolation
To extract exosomes, cells were cultured to reach 80% confluency. The cells were then cultured in serum-free media for 48 hours and the supernatant was harvested to purify exosomes using Cell Guidance Systems (Cambridge, UK) exosome isolation kit with minor changes to the manufacturer's protocol. In brief, supernatant was centrifuged to remove cell debris, followed by filtration through a 0.22 µm membrane to remove large vesicles. The media was concentrated using 100 kDa centrifugal filtering columns (Merck Millipore, Burlington, MA, USA) according to the manufacturer's protocol.
exosome characterization Transmission electron microscopy
Purified exosomes from MSCs were resuspended in PBS and fixed with 2% paraformaldehyde for 30 minutes at room temperature. Fixed exosomes were deposited on transmission electron microscopy (TEM) grids treated with UV light to decrease static electricity.
size distribution and zeta potential of exosomes
To determine size and zeta potential of exosomes, exosome solution diluted in PBS was applied on a Zetasizer (Malvern Corp., Malvern, UK) and the results were analyzed using the Zetasizer software v7.11 (Malvern Corp.).
immunoblotting
Transduced cells were lysed in RIPA buffer containing PMSF protease inhibitor (Roche, Mannheim, Germany) and resolved on a 4%-12% polyacrylamide sodium dodecyl sulfate gel. Western blotting and enhanced chemiluminescence (ECL) detection system (Pars Toos biotechnology Co., Mashhad, Iran) were used with HRP-conjugated anti-His tag antibody to detect N-terminal His tag on chimeric LAMP2b-DARPin protein.
DOX loading
To load exosomes with DOX, 100 µg (total protein) of purified exosomes and 100 µg of DOX were gently mixed in 200 µL of electroporation buffer at 4°C. Electroporation was performed at 600 V in 0.4 cm cuvettes in a multiporator (Eppendorf, Hamburg, Germany) and the mixture was incubated at 37°C for 30 minutes, to recover membrane of exosomes. 9 Exosomes were then passed through a 100 kDa Amicon filter (Merck Millipore) to remove unincorporated DOX. Finally, drug loading was quantified through the intrinsic fluorescence of DOX using a spectrophotometer (BioTek ® , Cell Imaging Multi-Mode Reader, Guangdong, China) at 594 nm with excitation at 480 nm.
exosome labeling and cell uptake assay
Exosomes were labeled with the green lipid membrane dye PKH67 (Sigma-Aldrich), according to the manufacturer's protocol, with some modifications. Briefly, exosomes and PKH67 were separately diluted in 100 µL diluent C. Exosomes were mixed with the staining solution and incubated for 5 minutes at room temperature. Labeling was stopped by adding an equal volume of 1% BSA and the mixture was subsequently passed through 100 kDa Amicon filter to remove unincorporated dye. SKBR3 and MDA-MB231 cells (2×10 4 cells/well) were seeded in a 24-well plate and 25 µg labeled exosome was added to each well. After 3 hours, cells were washed with PBS and fixed using 4% paraformaldehyde. The nuclei were stained by DAPI fluorescent stain (Sigma-Aldrich), according to the manufacturer's protocol and examined using an inverted fluorescence microscope (Nikon TE300; Nikon, Tokyo, Japan). The uptake of exosome was quantified via flow cytometry. Briefly, 6×10 4 SKBR3, BT-474, and MDA-MB231 cells were seeded in a 24-well plate. After 24 hours, 5 µg of labeled exosome was added to each well for 24 hours. Cells were then trypsinized, 6 and used for flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA). MDA-MB231 cells and untargeted exosomes were used as untargeted cell and exosome binding controls, respectively. The data were analyzed using Flow Jo (FlowJo, LLC, Ashland, OR, USA) and Flowing software 2.4.1.
cell treatment and cytotoxicity
The antitumor effect of engineered exosomes loaded with DOX was evaluated by the standard MTT assay on BT-474 HER2+ cells and MDA-MB231 HER2-cells. Briefly, tumor cells (5,000 cells/well) were seeded in 100 µL of media in a 96-well plate overnight. Tumor cells were treated with various concentrations of exo-DOX for 24, 48, and 72 hours at 37°C and 5% CO 2 . After incubation, media were removed and cells were incubated with MTT reagent for 3-4 hours. Subsequently, 100 µL of DMSO was added to solubilize purple formazan crystals. 10 Cytotoxic activity of free DOX and exo-DOX was then evaluated by standard MTT assay. Absorbance was measured by spectrophotometer at 545-630 nm. Survival rates were assessed compared to the negative control (wells containing only PBS). All experiments were repeated 3 times, and IC50 of loaded exosomes and free DOX were measured and compared with each other. 11 
statistical analysis
Data were analyzed using Student's t-test. Probability values lower than 0.05 were considered significant.
Results
characterization of Mscs
Expression of MSC markers (CD105 and CD90) and absence of CD45, CD31, and CD11b markers were confirmed by flow cytometry ( Figure 1A ). Differentiation of MSCs to 
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lentivirus production
Since pLEX-LAMP2b-DARPin contains no reporter genes, TurboGFP vector was cotransfected to estimate the efficiency of transfection. About 80% of HEK293T cells expressed GFP, considered as an estimation of transfection rate ( Figure 2A ). Virus activity in transduced cells was validated using flow cytometry ( Figure 2B ) and the titer was estimated to be 1.2×10 9 TdU/mL.
Mscs transduction
In order to kill nontransduced cells and select a stable cell line containing a genomic copy of the LAMP2b-DARPin gene, viral particles containing the gene along with puromycin were added to the cell culture and expression of LAMP2b-DARPin was analyzed by RT-PCR. Presence of a 430-bp PCR product confirmed integration of viral DNA into the host genome ( Figure 3A ). Furthermore, a 70 kDa protein (LAMP2b-DARPin) was identified by Western blot using anti-His tag antibody ( Figure 3B ).
characterization of exosomes
Purified exosomes were observed in TEM micrographs ( Figure 4A ). The size of exosomes (100 nm) was determined using a Zetasizer (Malvern Corp.) ( Figure 4B ).
DOX loading
Electroporation was used to load DOX into exosomes. The amount of encapsulated DOX was determined by measuring the auto-fluorescent property of DOX at 595 nm (excitation at 480 nm) against a serial dilution of known standards ( Figure 5 ). Our results showed that ~13% of DOX were loaded into the exosomes.
exosome uptake cell treatment and cytotoxicity
BT-474 cells were treated with 2 µg of exo-DOX, followed by evaluation of binding and uptake after 2 hours using fluorescent microscopy. The results indicated uptake of exo-DOX into the cells and its accumulation in nuclei. Cytotoxic effect of free DOX and DOX-loaded exosomes was examined on BT-474 and MDA-MB231 cells. IC-50 of DOX for each cell line was determined. Free DOX and exo-DOX considerably reduced cell viability in a dose-dependent manner, and no significant difference was observed ( Figure 7 ).
Discussion
Exosomes are small membrane vesicles in the range of 30-100 nm, 1 secreted by most cell types, including tumor cells and MSCs. They are also found in biological fluids. 1 As the most characterized endogenous vesicles with cell communicative ability, 12 exosomes can enter cells through endocytosis, phagocytosis, macropinocytosis, lipid raftmediated internalization, 13 and fusion.
14 Exosomes, like liposomes, are surrounded by a bilayer lipid membrane and thus are able to transport both hydrophilic and hydrophobic substances. 15 Their membrane is enriched with cholesterol, sphingomyelin, phosphatidylserine, and GM3, compared to that of their parent cells. These lipids are usually not found in liposomes, which is considered an advantages for exosomes. Cholesterol and sphingomyelin can form hydrogen bonds, causing tight packing of sphingomyelin/cholesterol bilayers and reducing water penetrability. 16 Furthermore, exosomes exhibit high biocompatibility 17 and low immunogenicity and cytotoxicity. 9 Hence, exosomes are valuable candidates for next generation of drug delivery systems. Moreover, previous research has proved the potential of exosomes for delivery of curcumin 18 and siRNA 19 across the blood-brain barrier in mice. Despite several advantages associated with exosomes, some critical issues, including the source, the drug loading process, limited efficiency of exosome production, and lack of targeting, still remain unaddressed for possible clinical application of these nanoparticles. The small size of exosomes provides them with the ability to passively target and selectively extravasate into tumor or inflamed tissues owing to the enhanced permeability and retention effect. 20 Furthermore, MSC-derived exosomes possess an intrinsic homing ability, causing them to migrate toward tumor and injured tissue, which might be due to acidic pH of tumor environment. Chemokines such as CCR8 and CCL2, TNF-α, and PDGF have been recently identified to play a role in MSCmediated chemotaxis to tumor environment in vitro. 21 Targeted delivery of engineered exosomes has recently been the subject of several studies. Alvarez-Erviti et al 
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Targeted cancer therapy using engineered exosome designed targeted exosomes against neurons by engineering cells expressing LAMP2b fused to neuron-specific rabies viral glycoprotein. Liu et al 22 employed modified exosomes expressing rabies viral glycoprotein peptide to deliver µ-opioid receptor siRNA into the brain to reduce morphine addiction. In another study, Ohno et al 23 produced targeted exosomes by expressing PDGF receptor fused to the GE11 peptide.
Previously, we produced exosomes targeted with a designed chimeric protein against HER2+ cancer cells. 24 These targeted exosomes were subsequently used to deliver siRNA to breast cancer cell lines. 8 In the present study, targeted exosomes were used to deliver DOX to HER2+ cancer cells. We aimed to evaluate anticancer effects of DOX-loaded targeted exosomes in a murine tumor model.
As mentioned before, the source of exosomes is of outmost importance in clinical applications. 25 Previous studies suggest MSCs as a suitable source for exosomes, with the ability to produce large amounts of these nanoparticles. MSC-derived exosomes are relatively highly tolerated, stable, and possess inherent therapeutic characteristics, including homing ability. 25 Extensive research on MSC-derived exosomes indicates controversial effects on tumor growth, which may be due to the source of MSCs 25 and variation in tumor-bearing models. 26 Therefore, safety of the MSC culture and the applied material and methods for exosome isolation require careful optimization for clinical applications. For a long time, retroviruses have been considered as the best vehicles for gene delivery. They can integrate target genes into the genome of cells without transferring viral genes into host cells. However, retroviral infection is not optimal for slow-dividing cells. With a doubling time of 35-40 hours, the transduction of human MSCs with retroviruses is not effective. 26 Lentiviral vectors can infect both dividing and nondividing cells and are good candidates for gene delivery to MSCs. Amari et al 27 used a lentiviral vector to transfer genes into MSCs and reported that lentiviruses had no effect on characterization and immunomodulation properties of these cells. We employed a lentiviral vector for permanent delivery of the LAMP2b-DARPin gene into MSCs and exosomes were isolated from these cells following selection with puromycin.
Isolation of exosomes lacks a standard protocol, while many researchers prefer a combination of differential centrifugation with size exclusion chromatography, sucrose gradient ultracentrifugation, or an antibody-based approach in order to effectively eliminate cellular debris and other subcellular elements during purification. 28 Sedimentation through differential centrifugation is the most common exosome purification method. However, this technique has some disadvantages, such as being time-consuming, leading to aggregation of exosomes with cellular proteins and particles in culture media, as well as requiring specialized equipment. Other size exclusion chromatography-based techniques include high-performance liquid chromatography and ultrafiltration. Compared to ultracentrifugation, 
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Targeted cancer therapy using engineered exosome ultrafiltration requires no specialized equipment and is relatively less time-consuming. 29 In the present study, we used column-based cell guidance systems kit for exosomes isolation, along with ultrafiltration for separation of free dye from labeled exosomes, both of which would economize operation cost and time.
DOX is a DNA intercalating agent, currently administered for breast cancer and solid tumor treatment. However, the clinical usage of this drug in free form has been linked to dose-dependent cardiac toxicity. 9 Encapsulation of DOX in exosomes can increase limited dosage of DOX and significantly reduce adverse effects on other organs. 17 Flavio Rizzolio used exo-DOX to treat ovarian and breast cancer cells and confirmed that exo-DOX was safer and more efficient than free DOX. 28 Comparatively simple operation of electroporation generally makes it the first choice for drug loading in exosomes. Adverse effects on the integrity of exosomes and their cargo, along with aggregation of exosomes have been reported for this method. Although, optimization of electroporation parameters and using trehalose pulse media can diminish the unfavorable effects of electroporation. 17 In this study, electroporation was used to encapsulate DOX in exosomes and loading efficiency was determined by measuring the auto-fluorescence of DOX.
DOX-targeted exosomes were uptaken by HER2+ cells and showed comparable cytotoxicity effect to that of free DOX (Figure 7 ), which corroborates with the results of Tian et al. 9 Flow cytometry analysis indicated higher binding of targeted exosomes to HER2+ cells relative to control cells. Untargeted exosomes were used as negative control. Our results demonstrated that targeted exosomes bound to SKBR3 (56.37%) and BT-474 (37.21%) cells more efficiently compared with MDA-MB-231 (1.56%) cells. Moreover, untargeted exosomes exhibited lower binding and entrance (8.27%) to HER2+ cells, as negative control ( Figure 6A ), implying that expression of chimeric protein plays an important role in exosomes binding and uptake, and it is not a result of physical absorption and nonspecific entrance. Nonetheless, the differences in affinity were only detected in lower concentrations. When the dosage of exosomes was increased, no significant variation was observed and it was suggested that physical absorption and nonspecific fusion were the dominant phenomena in higher concentrations. Thus, by using targeted exosomes as delivery vehicles, the clinical dosage can be decreased, without affecting cancer toxicity.
Microscopic images of binding and uptake of exo-DOX illustrated that targeted exosomes specifically bind and enter HER2+ cells and release their content into these cells (Figure 8 ). This data showed similar to free DOX, exo-DOX can also deliver DOX to the nuclei. MTT assay indicated no significant difference in the cytotoxicity of free DOX and exo-DOX (Figure 7) , which supported the results of Toffoli et al, 29 Hadla et al 2 and Tian et al.
9
Conclusion
Our results suggested no significant difference in the toxicity of exo-DOX and free DOX on BT-474 and MDA-MB231 cells. This proved that encapsulation has no effect on DOX cytotoxicity, while it can reduce its side effects by decreasing the systemic absorption. Therefore, exosomes derived from transduced MSCs can be used as an effective targeted delivery system to selectively target HER2+ cell lines.
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